The objective was to compare the costs of natural service (NS) and timed artificial insemination (TAI) as breeding programs for dairy cows. Both programs were directly compared in a field study from November 2006 to March 2008. Reproductive results in that study were similar and served as inputs for this study. A herd budget accounting for all costs and revenues was created. Net cost during the field study for the NS program was $100.49/cow per year and for the TAI program was $67.80/cow per year, unadjusted for differences in voluntary waiting period for first insemination (VWP) and pregnancy rates (PR). After inclusion of the differences in VWP and PR, the economic advantage of the TAI program was $9.73/cow per year. Costs per day a cow was eligible for insemination were estimated at $1.45 for the NS program and $1.06 for the TAI program. Sensitivity analysis revealed that if the marginal feed cost increased to $5/hundredweight (cwt; 1 cwt = 45.36 kg), the advantage of TAI increased to $48.32/cow per year. In addition, higher milk prices and greater genetic progress increased the advantage of TAI. When semen price increased from $6 to $22, the NS program had an economic advantage of $33.29/cow per year. If each NS bull was replaced by an additional cow, the advantage of the TAI program was $60.81/cow per year. Setting the PR for both programs at 18% and the VWP at 80 d resulted in an advantage of $37.87/cow per year for the TAI program. In conclusion, any advantage of TAI depended greatly on cost to feed bulls, semen price, and genetic merit of semen.
INTRODUCTION
Reproductive efficiency plays an important role in the economic viability of the dairy industry. De Vries (2007) reported that a 1 percentage point increase in pregnancy rate (PR), defined as the number of eligible cows that became pregnant in a 21-d period, is valued between $22 and $35/cow per year when PR varied from 15 to 19%. Poor estrus detection greatly impairs reproductive performance and profitability of lactating dairy cows (Pursley et al., 1997) .
Timed artificial insemination (TAI), which uses estrus synchronization, and natural service (NS) bulls are 2 breeding programs that are used to overcome the problem of low estrus detection efficiency. The use of TAI is widespread in the United States. NAHMS (2009) reported that 58% of all surveyed dairy farms used TAI programs to manage reproduction in heifers, cows, or either in 2007. Natural service bulls are also widely used throughout the United States (Smith et al., 2004; De Vries et al., 2005; Caraviello et al., 2006) . NAHMS (2009) reported that NS was used for the first service for heifers by 33% of the surveyed dairy farms and for cows by 22% of dairy farms. Many dairy farms use a mixture of TAI and NS bulls.
Artificial insemination has many advantages compared with NS such as the elimination of venereal diseases, more accurate dry-off dates, reduced incidence of dystocia, increased safety for farm employees (Vishwanath, 2003) , and greater genetic improvement resulting in daughters that are more productive and profitable (Norman and Powell, 1992) . A common perception among dairy producers is that NS is less expensive and an easy strategy to overcome problems with estrus detection.
Economic comparisons between NS and TAI programs are scarce. Overton (2005) compared the costs of a well-managed NS program with a those of a modified Presync-Ovsynch TAI program in conjunction with inseminations based on estrus detection. Reproductive performances of both programs were assumed to be the same. The cost of the NS program was on average $10/ cow per year greater compared with the AI program. Nevertheless, that study considered a combination of TAI and estrus detection, which does not exclude estrus detection from the reproductive program. Furthermore, that study represented a typical dairy farm in the west-ern United States, where inputs may be different from elsewhere. It is unclear what the economic benefit of a TAI program without estrus detection would be, considering a variety of different cost factors and differences in reproductive efficiency. Differences in reproductive cost may be offset by differences attributed to other herd demographics (Tenhagen et al., 2004) .
The use of TAI without estrus detection has been reported to be more profitable than AI at estrus detection (Risco et al., 1998; LeBlanc, 2001 ) because of the reduction in days open and the numbers of cows that are culled for infertility. Valergakis et al. (2007) reported that AI with estrus detection was a more profitable program than the best NS program in Greece.
Recently, Lima et al. (2009) compared the reproductive efficiency of NS and TAI without estrus detection side by side in a field study on a large commercial dairy farm in Florida. That study showed a 25.7% PR for the NS program and 25.0% PR for the TAI program. An economic analysis of both programs should not only include the expenses of the NS and TAI programs but also account for the differences in reproductive performance. The objective of this study was to compare the costs and profitability of the use of NS and TAI in the study of Lima et al. (2009) and provide sensitivity analysis for differences in voluntary waiting period (VWP), PR, feed cost, milk prices, semen prices, genetic progress, and opportunity cost of replacing bulls with additional cows.
MATERIALS AND METHODS
The economic analysis was performed using data from a field study that compared reproductive performance between NS and TAI breeding programs for lactating cows conducted in north central Florida between November 2006 and March 2008 (Lima et al., 2009 . First, costs and revenues of both the NS and TAI programs were obtained and calculated. Second, differences in profitability attributed to differences in reproductive efficiency were calculated. Finally, a sensitivity analysis was carried out by changing inputs. All calculations were performed in a spreadsheet (Excel 2007, Microsoft Corp., Redmond, WA) .
Field Study
Cows in the field study were housed in free-stall barns with fans and sprinklers for forced evaporative cooling. Four pens (2 TAI, 2 NS), each with 180 cows, were used in this study. The pens were identical. After calving, cows were randomly assigned to either the NS group or the TAI group and moved into an appropriate pen. Cows that had a displaced abomasum, cesarean section, or fetotomy were not included in the study.
All cows were presynchronized with injections of PGF 2α (500 μg of cloprostenol sodium; Estroplan, Pfizer Animal Health, New York, NY) given at 42 ± 3 and 56 ± 3 d postpartum. The price of a dose of PGF 2α was $2.04 with an additional $0.20 labor cost. The cost for needles and syringes was $0.03/dose. Pregnancy diagnosis was performed by ultrasonography. The cost per pregnancy diagnosis was $3.00.
Because of the milking routine, occasionally cows were accidentally moved into the wrong pen. These mistakes were independent of the breeding protocol the cows were assigned to. Cows that were found in a pen of the other group (NS or TAI) were removed from the study. Data collection for the field study ended 223 d after calving.
NS Program. Twenty-six bulls, all 18 mo old at the beginning of the study, were used. The average price was $1,148. Healthy bulls were sold for an average price of $1,116 after a period of 400 d, but 23% were culled prematurely after 200 d and sold for an average price of $670. Each bull underwent a breeding soundness evaluation and test for Tritrichomonas fetus at the start of service and then every third month the bull was active. Together, this amounted to a cost of $152.50/bull entering the NS program.
Cows in the NS group were exposed to bulls 14 d (70 ± 3 d) after estrus presynchronization with PGF 2α . Each pen of 180 cows was exposed to 5 bulls. Pens included both nonpregnant and pregnant cows. For each bull in a pen with cows, there were 1.17 bulls in the resting pen. Therefore, there were 36 cows in the breeding pen per bull and 0.033 bulls in the resting pen per cow. Approximately 39% of the cows in a breeding pen were not pregnant at any given time. Therefore, there were on average 14 nonpregnant cows per bull in a breeding pen.
After 14 d of exposure to cows, each bull was rested for 14 d. Resting bulls were housed in pasture lots with Bermuda grass and portable shade and trees for heat abatement. Bulls were fed the lactating cow diet during the 2 consecutive weeks they were exposed to the cows. A "weigh back" lactating cow diet that averaged 17.2 kg of DM/bull per day was fed during a 2-wk resting period. The cost of feeding each bull during the exposure and resting periods was determined by the herd's management to be $3.30 and $2.37/d, respectively.
Pregnancy diagnosis of cows in the bull groups was performed 42 d after first exposure to bulls to determine pregnancy status and date of conception. Nonpregnant cows in the NS group were reexamined for pregnancy status every 28 d to allow pregnancy diagnosis in cows TAI Program. Cows in the TAI group were enrolled in a modified Ovsynch protocol 14 d after estrus presynchronization with PGF 2α . Cows were given an injection of GnRH (100 μg of gonadorelin; Fertagyl, Intervet Inc., Millsboro, DE) followed 7 d later by an injection of PGF 2α and a second injection of GnRH 56 h after the last dose of PGF 2α . The TAI was performed 16 h after the second injection of GnRH 80 ± 3 d postpartum. Eighteen days after TAI, cows received a controlled internal drug-releasing insert (CIDR; CIDR Eazi-Breed; Pfizer Animal Health) followed by insert removal and GnRH administration 7 d later on d 25 after TAI.
Cows were diagnosed for pregnancy at 32 d after TAI. The presence of an embryo with a heartbeat was the criterion used to determine pregnancy as described by Ginther (1998) . Nonpregnant cows were given an injection of PGF 2α and were given GnRH 56 h later followed by TAI 16 h later. The resynchronization protocol aimed to maximize reproductive efficiency and to allow cows to be reinseminated immediately after the diagnosis of nonpregnancy. Nonpregnant cows in the TAI group were reinseminated up to 5 times using the same scheme before the end of the field study. The cost for each dose of GnRH was $1.84 and the cost for needles and syringes was $0.03/dose. Labor cost for administering a dose of GnRH or PGF 2α was $0.20. The cost of each CIDR device was $8.43 with an additional $0.50 labor cost. Each dose of semen cost $6.00 and labor cost for each insemination was determined to be $3.00.
Herd Budget Calculator
A partial budget was developed to calculate the economic differences between the NS and TAI programs. Economic differences were caused by differences in reproductive costs, VWP, and PR. The partial budget consisted of 3 steps.
In the first step, the actual net costs for the NS and TAI group in the field study were enumerated per cow entering the experiment (breeding pool). Because in that study cows entered the breeding pool approximately every 14 mo, total net costs were adjusted to net cost per cow per year for both programs (Tables 1  and 2 ).
In the second step, economic differences between both programs as a result of differences in VWP and PR, but excluding reproductive costs, were calculated. A herd budget was developed to calculate the fraction of cows by parity, days since calving, and days pregnant. The time step was 1 d. Inputs and prices were chosen to match those during the field study as close as possible. Pregnancy rate was calculated as number of conceptions/(number of eligible cow-days/21). Eli- gible cow-days were calculated as the sum of the days between the end of the VWP and the day of conception or culling, whichever was earlier, for all nonpregnant cows in the herd. These cows were at risk for conception. This definition is equivalent to the epidemiological calculation of incidence rates (Dohoo et al., 2003) . Basic annual risk of culling for nonpregnant cows in parities 1, 2, 3, and 4 was set at 18, 28, 38, and 48%, respectively. For pregnant cows, the annual risk of culling was 10%. Basic daily risk of culling was calculated as 1 − (1 − annual risk) (1/365) . Based on Fetrow et al. (2006) , the actual daily risk for nonpregnant cows was set to double the basic daily risk on d 1 after calving and linearly decreased to the basic daily risk on d 60. Thus, cows had a greater risk of culling after calving. These risks for nonpregnant cows did not include the risk of culling because of failure to get pregnant late in lactation, which was determined separately. Nonpregnant cows that produced less than 35 lbs (15.88 kg)/d late in lactation were culled. For cows in the first parity, this was at 391 DIM. For later-parity cows, this was at 363 DIM. Culled cows were immediately replaced with calving heifers. The price of a culled cow was set at $400 and the price of a calving heifer was $1,900. All calving heifers were purchased and assumed to be the same for both the NS and TAI groups. Cows that became pregnant moved to the next parity after a gestation of 280 d.
The VWP for the NS program was set at 70 d. Daily service risk was set at 100%/21 = 4.76%. Therefore, the average first insemination occurred around d 80. Conception rates were determined per DIM based on the proportion nonpregnancy curves in the field study. This way the fraction of nonpregnant cows by DIM in the herd budget calculator would be similar to that in the field study (Figure 1 ). Conception rates after the end of the field study were set at 20%, which was the average conception rate in the last month of the field study. These conception rates were varied by a constant to obtain the desired PR for the sensitivity analyses using the Goalseek function in Excel (Microsoft Corp.).
The VWP for the TAI group was set at 80 d with 35 d between breeding opportunities, 100% probability of insemination, and conception rates of 37, 29, 28, and 27% for inseminations 1, 2, 3, and 4, respectively, to obtain a fraction of nonpregnant cows by DIM that would be similar to that in the field study (Figure 2 ). Conception rate for fifth and greater inseminations was assumed to be 27%. These conception rates were again varied by a constant to obtain the desired PR for the sensitivity analyses using the Goalseek function in Excel (Microsoft Corp.).
Daily milk yield (y t ) for cows in both breeding programs was calculated as y t = a × t b × exp(−c/1,000 × t) × d, where t is the days since calving (Wood, 1967) . For parity 1, a = 22.0, b = 0.340, and c = 4.000. For parities >1, a = 29.0, b = 0.340, and c = 5.000. These parameters were based on lactation curves from 4 herds in Florida because lactation curves from the cows in the field study were not available. Parameter d = 1.036 was a multiplier to obtain a 305-d herd milk yield of close to 22,000 lbs (9,979 kg)/cow per year observed during the field study. Herd milk yield was calculated by multiplying the daily milk yield by the fraction of cows present on day t. Cows were dry the last 60 d of gestation.
The default milk price was set at $20/hundredweight (cwt; 1 cwt = 45.36 kg). Feed cost per cow was set at $1.56 maintenance cost/d and $3.11/cwt of milk produced to match the feed cost in the field study. Calf prices were set at $200, excluding the value of extra genetic progress of the TAI program.
The advantage in genetic progress of the TAI program was calculated from the lifetime net merit of a TAI insemination (on average $361 in the field study) minus the estimated lifetime net merit of an NS insemination ($163; Overton, 2005) . The genetic value of an insemination is expressed only in the female calves that are raised and enter the milking herd several years after the insemination. Assuming the value would be expressed 3 yr from the insemination, discounted at 8% interest per year, and a lifetime of 3 yr, the annualized advantage of the TAI insemination was (1/1.08) 3 × ($361 − $163)/3 = $52.39. Further, this value applied only to heifer calves (48%) born from cows that started their second or greater parity (73% of all calvings) that were raised and calved themselves (85%) because the TAI program was not used in heifers. Multiplied, the default genetic advantage of the TAI program was $16.48/cow per year. Although the dairy farm in the field study purchased all replacement heifers at the time of the field study, consideration of genetic progress was appropriate because they considered raising the heifer calves born out of the TAI program.
Performance of cows in parities >4 were set equal to fourth-parity cows. The fraction of cows in parities >4 was calculated from the fraction of cows entering the fourth parity and the fraction of cows culled in the fourth parity (Bronshtein and Semendyayev, 1998) . Results were calculated for the steady state situation so that herd demographics were constant over time.
The herd budget also determined 6 factors that affected the reproductive costs. First, the number of cows entering the breeding pool and, second, the number of pregnancy checks were calculated for both programs per cow per year. Third, for the TAI program, the average TAI cost per eligible day in the period to 223 d after calving was calculated. This average TAI cost per day was multiplied by the number of eligible days after d 223 to obtain an estimate of the total TAI cost after 223 d. The TAI program costs before and after 223 d were then added to obtain the total TAI cost in the lactation. Fourth, the fraction of calvings from cows in parity ≥2 was also calculated for the TAI program for the evaluation of the economic advantage of genetic progress attributed to AI. Fifth, for the NS program, the number of cows per bull was calculated based on the number of eligible days per cow per year. The reason is that lower PR would require more bulls per cow to maintain the same number of bulls per open cow in the breeding pen. Finally, the feed costs per bull per day were varied with the same magnitude as the marginal feed cost. For example, if marginal feed costs were doubled, then bull feed costs were also doubled.
In the third step, net revenues per cow per year were calculated as all revenues minus all considered costs. Revenues consisted of milk sales, calf sales, and cull cow sales. Costs consisted of feed cost, replacement costs, and reproductive costs, as show in Table 3 . Any other costs, such as nonreproductive labor costs or depreciation, were assumed to be the same for both breeding programs and therefore were not included in the analysis. The economic advantage of the TAI program was calculated as the net revenues for the TAI program minus the net revenues for the NS program. 
Sensitivity Analysis
Three sets of scenarios were used to investigate the effects of variations in PR, milk price, feed cost, semen cost, genetic advantage of TAI inseminations, and opportunity cost of replacing cows with bulls.
In the first set, inputs from the field study were used with the following exceptions. The semen costs per dose were $2, $12, or $22. Marginal feed costs were $2, $5, or $8/cwt of milk produced. Milk prices were $12, $18, or $24/cwt. The genetic advantage of pregnancies generated by TAI compared with NS was $0, $300, or $600 greater net merit. These inputs were varied one by one, with all other inputs the same as for the field study.
In the second set of scenarios, the VWP for both breeding programs was set to 80 d and conception rates adjusted proportionally to obtain PR of 12, 18, or 24% for both the TAI and NS breeding programs. Semen cost, marginal feed cost, milk prices, and genetic advantage was varied as in the first set of scenarios.
The third set of scenarios evaluated opportunity costs of a fixed herd size of 1,000 cows where bulls replaced 0, 14, or 28 cows. In the field study, 0 cows were replaced because all pens included 180 cows. Pregnancy rates and VWP were varied as in the second set of scenarios.
RESULTS

Field Study
NS Program. The herd budget determined the fraction of cows entering the breeding pool at 0.95/cow per year. This fraction is the result of cows that calve again and cows that are culled and replaced with heifers. The number of pregnancy diagnoses was 4.86/cow per year. The average number of natural matings was 3.31/cow per year. The field study was designed with 20 nonpregnant cows per bull in a pen, but the actual number of nonpregnant cows was 14 cows per bull because reproductive results were better than expected.
Costs and revenues of the NS program in the field study are shown in Table 1 . Cost of the NS program was $163.59/cow per year, which included $71.48 for purchase of the bulls, $3.92 for injections of prostaglandin , $61.67 for feeding of the bulls, $2.44 for labor including management of the bulls and administration of injections for presynchronization, $14.58 for pregnancy diagnosis, and $9.50 for bull testing costs. Revenues consisted of the sale of bulls at $63.10/cow per year. Net reproductive cost of the NS program was therefore $100.49/cow per year.
TAI Program. The fraction of cows entering the TAI program was 0.93/cow per year. There were 23.6% more nonpregnant days from the end of the experiment at d 223 to the end of the breeding period. Thus, expenses for the TAI program during the field study were multiplied by 123.6% to obtain TAI expenses per lactation. There were 0.77 calvings/cow per year in the TAI program from cows starting their second or greater parity. The number of pregnancy diagnoses was 4.27/ cow per year for the TAI program. The average number of inseminations was 2.69/cow per year.
Costs and revenues of the TAI program in the field study are shown in Table 2 . Cost for TAI was $83.91/ cow per year, which included $3.87 for injections of prostaglandin for presynchronization, $39.90 for estrus synchronization, $16.13 for semen, $11.57 for labor including administration of injections and CIDR insert and removal and inseminations, and $12.81 for pregnancy diagnosis. The economic value of the genetic advantage of calves sired by AI was $16.48/cow per year. Net cost of the TAI program was therefore $67.80/cow per year.
Adjustment for VWP and PR. Voluntary waiting periods and the proportion of pregnant cows of the NS and TAI programs were different in the field study, which caused differences in herd demographics. The herd budget determined that 73% of the cows that calved and were submitted to the NS program calved again and 72% of the cows submitted to the TAI program calved again. Average days to conception were 135 for the NS program and 137 for the TAI program. Pregnancy rates considering all eligible days were 25.7% for the NS program and 27.4% for the TAI program.
Costs and returns caused by differences in herd demographics were different between cows in both breeding programs (Table 3) 
Sensitivity Analysis
Variations in Semen Price, Marginal Feed Cost, Milk Price, and Genetic Advantage of Semen in the Field Study. This first set of scenarios revealed large effects of semen price, marginal feed cost, and genetic advantage on the economic differences between the TAI and NS programs before adjustment for differences in VWP and PR (Table 4) . Lower semen cost, greater marginal feed cost, greater milk price, and a greater genetic advantage of TAI increased the economic advantage of the TAI program, but high semen cost, low marginal feed cost, and the use of genetically low quality AI bulls could make the NS program advantageous.
An increase in semen of $1 increased the cost of the TAI program by $2.69/cow per year. An increase in marginal feed cost of $1/cwt increased the cost of the NS program by $20.42/cow per year. An increase in milk price of $1/cwt increased the economic advantage of the TAI program by $0.59/cow per year. An increase in net merit of $1 decreased the net cost of the TAI program by $0.08/cow per year.
Total revenue minus variable cost per cow per year, excluding reproductive cost, was greater for the NS program in all 40 scenarios shown. The largest difference was $25.33 when the milk price was $24/cwt. The smallest difference was $18.20 when the milk price was $12/cwt. Differences in genetic progress and semen price affect only the reproductive cost of the TAI program.
Variations in PR. The second set of scenarios calculated the effects of variations in PR. Conception rates for the NS program were multiplied by 0.947, 0.757, and 0.556 to obtain the desired PR of 24, 18, and 12%, respectively. Conception rates for the TAI program were multiplied by 0.916, 0.748, and 0.546 to obtain the desired PR of 24, 18, and 12%, respectively. Voluntary waiting periods were set at 80 d after calving, but differences remained in the daily probability of conception between both programs caused by differences in service rates and conception rates.
When PR was set at 24, 18, or 12% for the NS program, the herd budget determined that the number of cows per bull in a breeding pen was 34.2, 27.7, and 21.2. Eligible days per cow per year were 73.3, 90.5, and 118.2, respectively. The number of pregnancy diagnoses was 5.01, 5.71, and 6.83, respectively. Reproduction costs were $105.23 (24% PR), $127.00 (18% PR), and $162.14 (12% PR) for the NS program.
When PR for the TAI program was set at 24, 18, and 12%, the fraction of cows not pregnant after 223 d but eligible for insemination was 0.27, 0.35, and 0.47, respectively. Eligible days per cow per year were 71.0, 87.9, and 114.8, respectively. The number of pregnancy diagnoses per cow per year was 4.41, 4.74, and 5.26, respectively. Reproduction costs were $70.02 (24% PR), $75.57 (18% PR), and $84.90 (12% PR) for the TAI program.
When VWP was set at 80 d for both programs, the PR for the NS program remained at 25.7%. The economic advantage of the TAI program under assumptions of the field study increased to $35.69/cow per year. Reproductive costs were $29.92/cow per year less for the TAI program. Table 5 shows the advantage of the TAI program compared with the NS program for variations of marginal feed cost, milk price, genetic advantage of TAI, and semen price when PR were set at 24, 18, or 12% and VWP was set at 80 d for both programs. Increases in marginal feed cost, milk price, and genetic advantage increased the advantage of the TAI program. Differences in herd demographics as a result of the small differences in reproductive performance added small differences in profit per cow per year. When the PR was set the same for both programs (Table 5 ), these differences were never more than $15.68/cow per year. When differences in PR were 12 percentage points, profit per cow per year could be affected by up to $225/ cow per year.
One percentage point greater PR between both programs led on average to an increase of $21.22/cow per year when all costs and returns were included and $17.96/cow per year when differences in reproduction cost were not included. The reproduction cost of the TAI program was less than the reproduction cost of the NS program in 112 of the 117 scenarios in Table 5 , with 3 exceptions at a semen price of $22/dose, 1 exception at the a semen price of $12/dose, and 1 exception at a marginal feed cost of $2/cwt. For example, when the PR of the TAI program and NS program were set at 24 and 18%, respectively, the 6 percentage point difference resulted in an advantage of $125.17 for the TAI program. Of this, $53.28 was lower reproduction cost for the TAI program and $71.89 was the effect of a difference of 6 percentage points on net revenues before reproduction costs.
When PR for the TAI program was set at 18%, the breakeven PR for the NS program was 19.9%. Profit per cow per year was the same in that scenario. When marginal feed cost was set at $2 and $8/cwt, the breakeven PR for the NS program were 18.5 and 26.6%, respectively. Changing the milk price from $12 to $24/cwt resulted in breakeven PR of 20.2 and 19.8%, respectively, for the NS program. When the genetic advantage of the TAI semen was varied from $0 to $600, the breakeven PR for the NS program increased from 19.2 to 21.7%. Setting semen cost to $2/dose for the TAI program resulted in a breakeven PR of 20.6% for the NS program. When semen cost was set at $22/dose, the breakeven NS PR decreased to 17.7%.
Opportunity Cost. In the field study, the number of cows in the pens of both the TAI and NS groups was the same. If bulls were assumed to replace cows, the advantage of the TAI program increased. If 1 bull were to replace 1 cow in the field study, the advantage of the TAI program rose to $60.81/slot per year, with a slot defined as a position for either a cow or a bull in the pen. This is an increase of $51.08 compared with the advantage of $9.73/cow per year in the field study. When the VWP was set at 80 d and PR varied, the increase of the advantage of the TAI program varied from $42.11 (18 and 12% PR for the TAI and NS groups, respectively) to $49.73 (12 and 24% for the TAI and NS groups, respectively). For example, when PR was 18% for the TAI group and 24% for the NS group, replacement of 1 cow with 1 bull shifted the $65.15/cow per year advantage of the NS program to a smaller advan- 
DISCUSSION
The objectives of the current study were to compare cost and profitability of the use of NS and TAI in the field study of Lima et al. (2009) and provide sensitivity analysis for differences in VWP, PR, feed cost, milk prices, semen prices, genetic progress, and opportunity cost of replacing bulls with additional cows. Some popular dairy management information systems may calculate 21-d PR by 0.5 to almost 3 percentage points lower than was done in this study because of other definitions of eligible cows.
Profit per cow per year in the field study was slightly greater for the TAI program than for the NS program. The lower reproductive cost of the TAI program offset the greater profit per cow per year for the NS program as a result of differences in herd demographics. Differences in herd demographics as a result of large differences in reproductive performance can have large effects on profitability and should be included in an economic analysis.
The VWP in the field study was 10 d longer for the TAI program than for the NS program. When breeding programs have a later VWP, the PR must be higher from the later starting point to achieve the same number of pregnancies as a program that starts earlier but achieves a lower total PR. Therefore, PR should not be the only measure of reproductive performance.
The cost of feeding the bulls had a large effect on the profitability of the NS program. Bull feed cost was 38 and 61% of total bull costs ($163.59) and net cost ($100.49), respectively, for NS. Similarly, Overton (2005) reported that bull feed cost was 29.8 and 61.2% of total bull costs and net cost, respectively, for NS. As reported by Overton (2005) , dairy producers may not be aware of the magnitude that feed cost plays in the expense of an NS breeding program, which may contribute to the belief that NS is less expensive than AI or TAI. Feed costs in the field study were low. If feed costs were assumed to be $5/cwt, they would represent 72% of the net cost. Greater feed cost increased the cost of the NS program and made the TAI program more advantageous.
Bulls used in the field study were managed more intensively than is normal in dairy herds that use NS in the United States. This increased the health cost to $152.50/bull. Overton (2005) used health costs of $88/bull. The intensive management reduced the risk of introducing infectious diseases. The effect of a sound bull management program on reproductive performance was evident considering the average 25.7% PR obtained in the field study compared with a PR of 9% in the summer and 18% in the winter in herds that used NS (De Vries et al., 2005) . Clearly, good reproductive performance can be obtained with well-managed bulls. Drawbacks such as safety, limited genetic progress, and opportunity cost of space that could be used by a profitable cow must be taken into consideration.
Semen costs were a major factor in the cost of the TAI program. The $6/dose cost in the field study was enough to purchase sires with an average net merit of $361. Sires with greater net merit would result in greater semen expenses. When the net merit was set at $763, which is considered an elite sire, and cost per dose of semen at $22, the reproductive cost ($23.13) would be similar to that used in the field study. Genetic advantage from TAI accounted for 169% ($16.48/$9.73) of the advantage of TAI compared with NS in the field study. Overton (2005) reported that genetic advantage contributed most to the variation of costs between NS and AI. Genetic advantage of a breeding program is an important benefit that should not be ignored.
The TAI program required on average 10.8 hormone injections per cow per year. Cows in the TAI group also received on average 2.69 CIDR inserts per year. One reviewer pointed out that there may be an ethical problem with so many interventions to get cows pregnant. Timed AI programs require excellent compliance to be able to generate the reproductive performance as observed in the field study under conditions in Florida.
CONCLUSIONS
Timed AI was less costly than NS in a field study that directly compared both breeding programs on a large commercial dairy operation in Florida. Reproductive performances in both programs were similar. The use of NS bulls is not necessarily a less expensive method of inseminating cows to avoid problems related to estrus detection. Increased AI semen cost could switch the advantage to the NS program. Increased marginal feed cost and greater genetic advantage of semen increased the economic advantage of the TAI program. This advantage was greater when opportunity cost of replacement of cows by bulls was taken into consideration.
